ABSTRACr Interpretation of fluorescence anisotropy decay for the case of restricted rotational diffusion often requires a model. To investigate the extent of model dependence, two models are compared: a strict cone model, in which a fluorescent probe wobbles uniformly within a cone, and a Gaussian model, where the stationary distribution of the probe orientation is of a Gaussian type. For the same experimental anisotropy decay, analysis by the Gaussian model predicts a smaller value for the rate of wobbling motion than the strict cone analysis, but the difference is 35% at most; the cone angle obtained by the strict cone analysis agrees closely with the effective width of the Gaussian distribution. The results suggest that, when only two parameters (the rate and the angular range) are extracted from an experiment, the choice of a model is not crucial as long as the model contains the essential feature, e.g., the more-or-less conical restriction, of the motion under study. Model-independent analyses are also discussed.
INTRODUCTION
Time-resolved measurements of optical anisotropy decay, such as the fluorescence or phosphorescence depolarization and the transient absorption dichroism, allow the analysis of complex rotational motion of probe molecules in supramolecular systems. In contrast to the free rotation in aqueous media, motion in organized structures, such as membrane or muscle, is limited in angular range, because the surrounding architecture usually imposes certain restrictions on the orientations of the probe. Moreover, friction within the structure often reduces the rate of reorientational motion from the value that would be expected in aqueous media. The optical anisotropy decay measurements can thus provide two different types of information, structural (the range) and dynamical (the rate).
In previous papers (1, 2), we proposed a wobblingin-cone model mainly for the analysis of the motion of a rod-shaped fluorescent probe 1 ,6-diphenyl-1 ,3,5-hexatriene in lipid membranes. The model assumes that the major axis of the probe wobbles uniformly within a cone of semiangle 0, with a wobbling diffusion constant D,. The values of the parameters, O, (the range) and Dw (the rate), can be estimated from an experimental anisotropy decay r(t) obtained after a flash excitation at t = 0. The analysis is simple, involving a minimal number of parameters, and is therefore powerful. However, the square-well approximation for the orientational distribution of the probe axis may appear too unrealistic. In view of the wide applications of the model (3, 4), we thought it necessary to clarify the nature of the approximation. We therefore calculated theoretical r(t) for a Gaussian distribution of the probe orientation and compared the results with the original strict cone model. As shown below, the results suggest that the original analysis yields reasonable information even if the actual distribution is a smooth one. GAUSSIAN 
MODEL
In the original strict cone model (1, 2) , the stationary distribution wS(0) of the probe orientation is given by w'(0) = nonzero constant for 00 <0 <0 and 1800 -0c -0 _ 1800; w(0) = 0 for 0, < 0 < 180°-0, (1) where 0 is the angle between the probe axis (direction of the optical transition moment) and the symmetry axis of the wobbling motion (cone axis). The rate of rotation, Dw, is assumed to be independent of the orientation. Under these assumptions, theoretical r(t) can be closely approximated by the expression r(t) = (ro -r.) exp (-t/l) + r., (2) where ro = r(0) is the fundamental (or limiting) anisotropy, and r,O, the residual anisotropy, is related to the cone angle O, by r,,./ro = [1/2 cos Oc(1 + COS 0C)]2. 
where q is a parameter that determines the width of the distribution. As seen in Fig. 1 (5, 7). For the integration of differential equations involved in the method, we adopted a series expansion in powers of q (see Appendix). The series failed to converge at large q, and J could not be calculated for r1/rO > 0.5.
From a general principle, however, we expect that aG approaches as for narrow distributions, as is already evident in the last column of Table I . In Table I , the strict cone distribution and the Gaussian distribution that give a same rj1r0 value are compared in each row. As may be seen, both models predict similar dimensionless relaxation times, a, or UG. In other words, D, estimated from experimental X and r.,/ro, through the relation DW = l/+, is not much different between the two models. The systematic deviation of at most 35% is considered satisfactory in view of the experimental uncertainties.
Also note that D. is a quantity that varies by more than an order of magnitude, depending on the sample and conditions (3).
For a given rl/ro, we can calculate the effective width of the Gaussian distribution. The width, Oe, is defined as the angle beyond which the fractional population is 1 /e2 (=0.1353):
Jo WS(O)sin0 dO/f ws(0)sin 0 dO = I/e.2 (7) The same rjrO may be translated into Oc by Eq. 3. As seen in Fig. 1 and Table I , Oe and 0c agree closely. That is, 0, obtained by applying the strict cone analysis is a measure of the angular range in which the probe resides for most of the time.2 In summary, analysis of an experimental r(t) with either model gives practically the same "rate" and "range" values. Description of restricted rotation with only two parameters is already a simplification; precise shape of w'(0) is immaterial under the simple approach.
As seen in Table I , the apparent relaxation time 2Note that Eq. I represents two cones opposed to each other. We chose this form for the symmetric diphenylhexatriene molecule. Within the framework of the strict cone model, the two cones are independent in the sense that a probe molecule with a direction in one cone never rotates into the other cone. In actual membranes, however, the probe will eventually cross the equator, and will occupy the two cones with equal probabilities in the long run. The two cones may be considered to be connected with a (9) This method generally leads to an underestimate of Dw, and the magnitude of the error depends on the actual orientational distribution. If the actual distribution is of the Gaussian type, the error is <20%.
The range information can be expressed in several ways.
The quantity rl/ro, termed the "degree of orientational constraint" (2) Table I , a(i(j) up to i = 100 were stored in a FACOM 230-75 computer, and the integrations in Eqs. A4 and A5 were performed numerically after suitable conversion of variables.
